Abstract: Ultrastructure was investigated along the files of developing epidermal cells in the root tip of a model plant Medicago sativa, in which all rhizodermal cells are potential hair-forming trichoblasts. Differentiation at subcellular level was observed up to the stage of bulge initiation in the trichoblasts. Root hair initiation indicated by the emergence of bulges from trichoblasts was detected at various distances from the root tip and, it was independent of the trichoblast size. During rhizodermal cell differentiation, starch grains accumulated in the plastids. Nuclei located in the central part of the young, meristematic cells moved towards the inner periclinal wall as the central vacuole enlarged. The bulging region of the trichoblasts located opposite the nucleus and was rich in mitochondria, ER, ribosomes, and Golgi bodies, and contained also vesicles enclosing fibrillar material. This material responded positively to phosphotungstic acid, which was used for detection of cell wall polysaccharides. The cell wall thickness within the bulging domain was significantly lower than in other parts of trichoblasts. We suggest that internalization of cell wall polysaccharides occurs within the bulging area, contributing to local thinning of the cell wall and providing a source of osmotically active compounds for maintaining turgor in the trichoblast. Thus, the internalization process might be necessary for root hair outgrowth.
Introduction
The development of root epidermis (rhizodermis) can be followed well along the cell file from the meristematic cells up to the mature ones capable of forming root hairs (trichoblasts) or remaining hairless (atrichoblasts). In the successive developmental stages, the rhizodermal cells are characterized by their size, shape (Clarke et al. 1979 , Luxová 1980 , Baluška et al. 1990 , and ultrastructural organization (Danilova & Barmicheva 1972; Čiamporová 1976 , 1977 . A specific feature of trichoblast differentiation is the formation of a root hair. The first stage of its developement is bulge formation (Dolan et al. 1994 ). Initiation of a bulge is a complex process requiring specific structural and molecular organization within the cytoplasm of the bulging domain (Miller et al. 1999) , and local alterations within the cell wall (Bibikova et al. 1998; Šamaj et al. 1999; Baluška et al. 2000; Vissenberg et al. 2001; Čiamporová et al. 2003 , 2004 . The outgrowth of a root hair is accompanied with re-organization of microtubules and actin cytoskeleton. The latter is essential for the onset and maintenance of root hair tip growth Ovečka et al. 2000) .
As in Medicago truncatula (Sieberer & Emons 2000) , all rhizodermal cells in M. sativa (alfalfa) are potential root-hair forming trichoblasts representing a suitable test plant for studying the processes of root hair development. Root hair morphogenesis has been intensively studied from the structural down to the molecular and genetic levels (for reviews see Schiefelbein 2000; Dolan 2001; Carol & Dolan 2002) ; however, less attention has been paid to cytological characteristics of the rhizodermal cells before root hair outgrowth. Therefore, we characterize here the ultrastructure of intact alfalfa root epidermal cells during their development, including the stage of early bulge formation.
Material and methods
Seeds of alfalfa, Medicago sativa L., cv. Europa germinated on moist filter paper for 72 h at 22
• C in the dark. Apical, 3 mm long root segments were fixed with 3% glutaraldehyde and 1% osmium tetroxide both buffered with Na-cacodylate bufer pH 7.2, dehydrated in ethanol series and propylene oxide, and embedded in Spurr's medium. Longitudinal sections were taken from six roots. Semithin sections were stained with 1% Toluidine blue in 2% Na2CO3. Ultrathin sections were contrasted with uranyl acetate and lead citrate. Some root segments were fixed only with glutaraldehyde and embedded in Epon-Araldite. Ultrathin sections taken from three roots of this sample were not contrasted. They were stained with 5% aqueous solution of phosphotungstic acid to demonstrate the cell wall polysaccharide material according to Stockert et al. (1989) . The sections were investigated with the Olympus BX51 microscope or with the electron microscope Tesla BS 500. For scanning electron microscopy, the roots of alfalfa seedlings were grown and prepared as previously (Čiamporová et al. 2003) , and viewed with Philips XL30 FEG scanning electron microscope at 3.0 kV and temperature −140 to −150
• C. Length of the trichoblasts and the thickness of their walls were measured in the longitudinal semithin sections of 12 cell files using Image Analysis System Leica Q500MC. Means and standard deviations (s.d.) were calculated using the programme Microsoft Excel.
Results and discussion
Cell development from newly formed to fully enlarged status was observed along the files of alfalfa primary root epidermis. The maximum length of alfalfa trichoblasts was 122.9 ± 19.9 µm (mean ± s.d.). This value was closer to the average length of 109 µm reported for mature rhizodermis in Arabidopsis thaliana wild type (Van Hengel & Roberts 2002) but it was much shorter than the maximum cell length of 270 µm recorded in maize root epidermis (Luxová 1979) indicating species-dependent rates of rhizodermal cell expansion. However, the length of mature epidermal and cortical cells in the roots depends also on the conditions of the environment as for example phosphorus supply or ethylene (Ma et al. 2003) .
In alfalfa root epidermis each cell is a potential root-hair forming trichoblast (Fig. 1) , similarly as in Medicago truncatula (Sieberer & Emons 2000) , or Vicia sativa (Miller et al. 1999) . Following the successive cells along the files of rhizodermis basipetally, trichoblasts with small bulges appeared at the distance of 1037.9 ± 221.3 µm (mean ± s.d.) from the the root tip. The root cap cells still adhered to the root surface in the zone of bulge initiation (Fig.2A) . The distances of the first trichoblast with bulge in a file varied even in the files in one root (Fig. 2B) . The length of these cells varied from 34 to 108 µm indicating that the onset of bulge initiation was independent of the trichoblast length.
Ultrastructure alterations accompanying differentiation of alfalfa rhizodermal cells along the cell file were similar as reported e.g. for Raphanus sativus (Danilova & Barmicheva 1972) . The young cells, close to the root apex were in their meristematic stage and possessed centrally located large nucleus with dispersed chromatin, short elements of ER, numerous mitochon- dria, Golgi bodies, plastids without starch granules, and small vacuoles in the dense cytoplasm (Fig. 3A) .
With increasing distance from the root tip the structural development of epidermal cells included accumulation of starch in the plastids and an increase in the number of small vacuoles in the cytoplasm. In the cells passing through elongation stage large central vacuole traversed by cytoplasmic strands was formed occupying most of the cellular volume. The cytoplasm with nucleus and organelles were at the cell periphery (Fig. 3B) . Unlike in Raphanus (Danilova & Barmicheva 1972) , there were still numerous starch granules in the plastids. The nucleus was located at the inner periclinal cell wall, in the middle part of the trichoblast (Figs 2B, 3B) similarly as in Vicia sativa (Čiamporová et al. 2003) . The site of bulge initiation would occur at the outer periclinal cell wall, opposite the nucleus (Fig. 2B) .
The cytoplasm within the bulging area was rich in ER elements, mitochondria, ribosomes, and Golgi bodies (Fig. 4A) similarly as in the trichoblasts of Vicia sativa (Miller et al. 1999 (Miller et al. , Čiamporová et al. 2003 . In addition, we observed vesicles containing fibrillar material similar to fibrillar material of the cell wall covering the early bulge. Some of the vesicles appeared to merge with tonoplast and probably released their contents into the vacuole (Fig. 4B) . Cytochemical detection of polysaccharides using phosphotungstic acid resulted in positive electron dense reaction in the cell wall as well as in cytoplasmic vesicles within the bulging domain (Fig. 4 C) . The fibrillar material was not observed in the cytoplasm of rhizodermal cells before bulging. We suggest that a portion of the cell wall polysaccharides was internalized into the cytoplasm and transported into the vacuole, in order to be digested and to provide osmotically active compounds. These would be utilized to keep the turgor pressure high enough to support the outgrowth of the root hair from the bulge. This confirms our previous results with Vicia sativa (Čiamporová et al. 2003, 2004) . Internalization of cell wall polysaccharides has been shown in water-stressed maize root cells, and interpreted similarly as the process by which the cells gain osmotically active compounds necessary for turgor pressure maintenance under stress conditions (Nishizawa et al. 1989) .
Internalization of the wall material might contribute also to local thinning of the cell wall bordering the bulging site. We measured the thickness of the cell wall within and outside the bulge. The results show significant differences in wall thickness between the bulge (0.47 ± 0.085 µm) and out of the bulge (0.96 ± 0.13 µm). Thinner cell wall at the tip of an early bulge was shown in Lepidium sativum and Vicia sativa (Čiam-porová et al. 2003, 2004) . It is known that cell expansion is driven by turgor pressure, which is generated by the osmotic potential of the contents of expanding cells. As turgor pressure is isotropic, for orientating expansion the thinned cell wall may determine the site of root hair emergence (Roberts 2001) . In Arabidopsis thaliana the mutant reb1-1 had thinner cell wall and revealed swelling of the whole trichoblasts compared to wild type. Thus the REB1 gene product has been hypothesized to control swelling of a limited area of the trichoblast to enable anisotropic growth and forming the root hair (Andème-Onzighi et al. 2002) . Immunocytochemical techniques using specific antibodies raised against cell wall polysaccharides would be necessary, to determine the composition of the fibrillar cell wall material in alfalfa trichoblasts and to confirm its internalization similarly as has been shown for pectins in the cells of maize root apices , Yu et al. 2002 .
